Background: The population of grey nurse sharks (Carcharias taurus) found along the coast of Western Australia (WA) is listed as Near Threatened under the International Union for Conservation of Nature and yet has been the subject of minimal targeted research in WA. In contrast, the eastern Australian and southwest Atlantic subpopulations of C. taurus are afforded Critically Endangered status following a much greater research effort. Aggregation sites are important in the life cycle of C. taurus for mating and pupping, and their identification underpins conservation efforts. The present study set out to complete a detailed, multi-year assessment of C. taurus at the Point Murat Navy Pier in Exmouth, WA, where recreational divers have reported occasional sightings over many years. Results: Between 2007 and 2012 a permanent subsurface video camera was deployed, with the subsequent analysis of over 1000 days of underwater footage revealing sixteen C. taurus individuals, which were positively identified using spot patterns. Ten sharks returned to the site over multiple years, with presence/absence data displaying a strong negative correlation with water temperature. Sharks were never recorded above a mean daily sea temperature of 25.5°C, indicating a possible upper threshold for aggregations of this population. Conclusions: While the study revealed a comparatively small gathering of C. taurus, the authors maintain that the systematic nature of visitations by individual sharks over a number of years qualifies the location as a noteworthy aggregation site, the first ever confirmed in Western Australia, and the northernmost documented for C. taurus in Australia to date.
Background
The grey nurse shark, Carcharias taurus (Rafinesque 1810), inhabits inshore sub-tropical to temperate waters around continental land masses (Ebert et al. 2013) . It is found on the continental shelf to a depth of at least 230 m (Otway and Ellis 2011) but is more commonly observed in caves or sandy gutters close to the mainland or around islands (Pollard et al. 1996) . In Australia, two distinct populations have been described based on genetic diversity (Stow et al. 2006; Ahonen et al. 2009 ). The eastern population shows low genetic variation, and despite being protected in New South Wales since 1984 (Pollard et al. 1996) numbers were thought to be declining with total population estimates as low as 300 individuals (Otway et al. 2000 (Otway et al. , 2003 . More recent studies on the East Coast have, however, identified 931 individuals at 19 aggregation sites between 2004 and 2008 (Bansemer and Bennett 2009 . The C. taurus population in Western Australia (WA) is genetically distinct from the eastern Australian population due to its geographic isolation (Stow et al. 2006; Ahonen et al. 2009 ) and while its range is predominantly in the coastal waters in the South West of WA, the species has been recorded at the North West Shelf (Pogonoski et al. 2002 ; Department of the Environment 2014) and the Timor Sea (Momigliano and Jaiteh 2015) off the far North West coast. Carcharias taurus has been protected in WA waters since 1999 and in all Commonwealth waters since 1997. Abundance and distribution for the WA population were previously estimated from bycatch data from demersal gillnet fisheries, with a mean annual catch of 77 and a stable catch per unit effort between 1989 and 1997 (Cavanagh et al. 2003) . Based on this data the WA population was listed as Near Threatened on the IUCN Red List (Pollard et al. 2003) and Vulnerable under the Environment Protection and Biodiversity Conservation Act 1999. However, bycatch reporting from demersal gillnet fisheries ceased in 1997 (McAuley and Simpfendorfer 2003) and C. taurus population data have subsequently been limited to ad hoc accounts from commercial gillnet fisheries (Chidlow et al. 2006) .
Although there is little documented information about C. taurus in WA, it is likely to have a similar life history to populations in other parts of the world where mature female sharks undergo a biennial or triennial migration north and south along the coast to mate and breed (Smale 2002; Dicken et al. 2006 Dicken et al. , 2007 Bansemer and Bennett 2009) . Tagging studies in New South Wales indicated a northerly migration in autumn and winter, and a southerly migration over spring/summer (Otway and Ellis 2011); however, photo identification studies along Australia's eastern coastline have indicated a more complex migration pattern depending on the sex and maturity of the sharks (Bansemer and Bennett 2011) . The only documented tagging study in WA tracked three juveniles and one adult female between June and December 2003 (McAuley 2004) . The juveniles travelled up to 489 km north from Rottnest Island or Ledge Point before turning south, while the adult female did not appear to move far from her tagged location near the Abrolhos Islands off the Mid-West coast. The tagged sharks favoured water depths between 20 and 60 m but ranged between 0 and 146 m in water temperatures between 16 and 22°C.
Carcharias taurus displays adelphophagous reproduction (cannibalism within both the egg case and each uterus) and therefore has a maximum of two pups per litter following a gestation period of 9-12 months (Last and Stevens 2009) . Pups are born at around 100 cm total length (TL), males mature at 190-195 cm and females at 220-230 cm TL (Last and Stevens 2009) . Sexual maturity has been estimated at 6-7 years for males and 9-10 years for females in the western North Atlantic, with maximum lengths of 296 cm (female) and 250 cm (male) using von Bertalanffy growth curves on a sample of 48 males and 48 females (Goldman et al. 2006) . However, males were identified as immature at 202 cm and mature at 220 cm from a small sample from the east coast of southern Africa (Bass et al. 1975) , and two males of 3 m TL and a female of 3.2 m TL have been reported from sharks in captivity in Sydney (Gordon 1993 ) so there may be variation in growth and maturity rates for different populations. Recent radiocarbon studies on C. taurus from the western Northern Atlantic and southwestern Indian Ocean indicate lifespans of at least 40 years for females and 34 years for males (Passerotti et al. 2014) . Given their biennial reproductive cycle and resulting slow population growth, C. taurus are vulnerable to over exploitation (Compagno 2001; Pollard and Smith 2009) .
Aggregation sites are important in the life cycle of C. taurus for both mating and pupping (Cavanagh et al. 2003; Chidlow et al. 2006; McAuley 2004) ; and although a number of these sites have been identified in Queensland and New South Wales (Otway et al. 2003; Bansemer and Bennett 2009) and the importance of protecting these habitats recognised (Department of the Environment 2014; Lynch et al. 2013) , the scientific literature does not contain evidence of any confirmed aggregation sites in WA. A study by Chidlow et al. (2006) failed to confirm anecdotal evidence of possible aggregations observed by divers, commercial fishers and boat charter operators.
The aim of the present study was to utilize extensive underwater video footage from the Point Murat Navy Pier, Exmouth, on Western Australia's North West Cape to determine if this location is an aggregation site for C. taurus by identifying individual sharks using spot patterns and recording philopatry at the site; determining any differences in abundance between seasons; recording and comparing sex ratios between seasons and years; recording water temperature and determining correlation with shark occurrence at the site; and to discuss the findings within the context of the Western Australian population.
Methods
The Point Murat Navy Pier (Navy Pier) is located on the tip of the North West Cape, 16 km north of Exmouth, Western Australia (21°49.013'S, 114°11.489'E, Fig. 1 ). The Navy Pier was constructed in 1964 to service the US Naval Communication Station, built to supply very low frequency radio communication to US submarines (Australian Heritage Database 2002) . It is now used primarily by fuel ships supplying the base, with no access to the general public apart from SCUBA diving tours through a local dive company.
The Navy Pier consists of a long vehicle jetty from Point Murat out to the main pier head which is located 175 m offshore in water depths of up to 15 m. The pier head is constructed of cylindrical steel pylons and cross beams, and covers an area of approximately 50 m × 25 m. Two smaller dolphin structures are connected by a walkway to the main pier, and there are two additional isolated mooring dolphins 130 m to the north and south. The Navy Pier is located at the mouth of Exmouth Gulf and is adjacent to Bundegi Reef in the Ningaloo Marine Park. The marine life in the waters 400 m around the Navy Pier structure has had some level of protection since 1964 as a prohibited area under the Commonwealth A Weldex WDB-7700CW colour submersible bullet camera with a 3.6 mm lens and low light infrared illuminators was used to record video footage during daylight hours. The camera was permanently fixed to a steel pier support pylon at a water depth of 10 m relative to the lowest astronomical tide (LAT), at a height of 1.3 m above the sea floor. The analogue video stream was encoded, digitized, amplified and sent 15 km via wireless transmitter to a receiver in the Exmouth town centre, where it was uploaded live onto the World Wide Web (the "Piercam" project). Video footage between September 2007 and February 2012 was reviewed and any occurrence of C. taurus documented. There were intervals when no data was recorded due to camera failure or power disruption, and also periods when visibility was too poor to identify sharks (e.g. low light, high turbidity or growth obscuring the camera lens).
Where visibility was adequate, snapshots of the sharks were extracted and used to build a database of individuals, which were visually identified by their distinctive markings including spot patterns and fin shape. Carcharias taurus features distinct natural markings on its sides that have been used to uniquely identify them in monitoring studies (Bansemer and Bennett 2009; Barker and Williamson 2010) . These spots are suitable for individual shark recognition as the patterns do not change over time (Bansemer and Bennett 2008) . Individual shark identification was greatly enhanced by the matching of spot patterns on both the left and right sides of all sharks identified, which was possible due to the extensive video footage of each shark taken over the course of the study, and distinctive scarring/fin shape of some sharks. Length estimations were based on total shark body length relative to sub-surface structures of known size within the camera's field of view (e.g. pylons or cross beams), and by comparison to one of the males (M3), which was measured accurately in July 2014 by noting points of reference on the sediment for nose and tail while the shark was stationary just above the sea floor. These points were then measured with a tape and the A two-way ANOVA incorporating year and season was applied to log-linear transformed abundance data, which were relatively low at this site in all years (i.e. maximum of ten individual sharks in any year of the study). Post hoc pair-wise comparisons of abundance data were performed using Scheffe's F Test due to unequal sample sizes (Zar 1974) . Sex ratio data were converted to proportion of males after Hardy (2002) and logit-transformed prior to analysis over the period in question. A G-Test (likelihood ratio) was then performed following Williams' correction (Sokal and Rohlf 1981) as all sample sizes were less than 40 (Wiebe and Bortolotti 1992) . A Point-Biserial Correlation (Tate 1954) was performed to determine association between water temperature and presence-absence of sharks at the site based on daily mean temperatures.
This study involved the remote observation of sharks and hence no ethics clearance was applicable.
Results
A total of 16 individual sharks were identified during the 5-year study using spot patterns matched for both the left and right side of each shark combined with any distinctive scarring or fin shapes. Twelve sharks were identified as females and estimated to be between 1.8 and 3 m TL (subadult to adult) and four sharks as subadult or adult males (>1.8 m TL). The largest male (M1) was estimated at 3 m TL with full length claspers, while males M2, M3 and M4 were estimated to be between 2 and 2.5 m TL with claspers extending less than half the distance between the rear edge of the pelvic fin and the start of the anal fin. M3 was subsequently measured accurately at 2.6 m (+/-0.05 m) in July 2014 when he was at least 7 years old (having been first recorded at the site in September 2009); however, his claspers appeared under-developed or stunted (Fig. 2) . No pups or juveniles (i.e. less than 1.8 m TL) were seen throughout the 5-year study.
Carcharias taurus displayed strong philopatry, with ten individuals returning to the site over multiple years (Table 1) . Females displayed varying patterns of site philopatry: two females (F1, F5) returned 2 years after they were initially observed and five individuals (F2, F3, F4, F8, F9) returned over three consecutive years. Males also returned over consecutive years, apart from M2 which was only seen for a few days in 2007. Sharks were usually observed swimming alone, often repeatedly appearing in front of the camera in a circling pattern. Chasing behaviour was occasionally observed and a female (F1) Residence periods were calculated as the number of days between when an individual shark was first sighted and last sighted each calendar year Occurrence of C. taurus at the Navy Pier was highly correlated with ocean temperature (r pb = 0.28; p < 0.01, n = 1290), with sharks preferring the cooler months, and were never observed when mean daily ocean temperatures exceeded 25.5°C. Abundance of C. taurus was also strongly correlated with season (p < 0.01), with shark numbers significantly higher in winter/spring compared to autumn/summer (Fig. 3) . No significant differences existed between any years of the study for shark abundance (p > 0.05), and no significant interactions existed for SEASON*YEAR from the two-factor ANOVA (p > 0.05). The earliest date any grey nurse shark was observed during a calendar year was May 19 (2011), and the latest was November 22 (2008) . No grey nurse sharks were seen in any year in the months of December, January, February, March, or April. Mean monthly sea temperatures recorded during the study ranged from 21.0°C in July 2010 to 30.3°C in January 2011.
Residence period was approximated using the total number of days between the first date and last date an individual shark was observed at the Navy Pier each year. Confirmed observations within the residence period are given in Table 1 . The average residence period over the entire study was 39.8 (±6.8 SE) days per year, with a maximum period of 125 days for a female (F9) in 2010 and 145 days for a male (M3) in 2011. The maximum number of individual sharks identified in any one day was five females on 10 July 2009. Over the entire survey from December 2007 to February 2012, the overall sex ratio was 1:3 (males:females), demonstrating significant female bias at the site (G = 4.19, p < 0.05). The only year in which a significant female bias was not observed was in 2011 when the sex ratio was 1:1.
While the annual arrival of females always preceded males, a single predominant male was present each year. The decline in annual residence period of M1, a large mature male that returned to the site over four consecutive years (2007) (2008) (2009) (2010) , coincided with the appearance of two smaller males, M3 and M4, in 2009 and 2010 (Fig. 4) . While M4 was only observed on 2 days in 2011, the residence periods of M3 increased from 11 to 87 to 145 days in consecutive years (2009-2011) (this male has since been photographed at the site in 2012, 2013 and 2014). M3 and M1 were never observed together.
Discussion
Occasional C. taurus sightings have been reported by dive operators and fishermen in the Exmouth region and other coastal locations in WA for a number of years (Chidlow et al. 2006) ; however, there is little published information on this population, and previous studies attempting to confirm aggregation sites anywhere in WA have been unsuccessful (Chidlow et al. 2006 ). This may, in part, be explained by the seasonal nature of both diving activity and shark occurrence at possible aggregation sites, which are both linked to water temperature. For example, the survey of ten sites in Exmouth in 2005 reported in Chidlow et al. (Chidlow et al. 2006 ) occurred between May 4 and 8; whereas the earliest grey nurse sharks were observed in any calendar year in the current study in Exmouth (2007 Exmouth ( -2012 was May 19. In the present study 16 individual grey nurse sharks were documented between 2007 and 2012, with ten individuals returning over multiple years and between four and ten different sharks observed every year, confirming the Point Murat Navy Pier in Exmouth as an aggregation site for C. taurus. Crosschecking of diver observations made concurrently with the Piercam video data indicated that the total number of individual sharks identified was likely to be close to a census of C. taurus at the site, and also helped confirm the first and last dates that sharks were seen in any calendar year. Positive identifications could only be made when spot markings or distinctive scars/fin shapes were visible on the sharks, which depended on the distance of the shark from the camera and also the orientation of the shark with respect to the camera lens. The Pier is impacted by strong tidal currents (maximum tidal range 2.6 m) and tropical storms which increase the turbidity of the water and limit shark observations and identifications. Observations were also limited by occasional power outages and encrusting growth on the camera lens.
The location of the Exmouth Navy Pier is approximately 450 km further north than Wolf Rock in Queensland (Fig. 1) , which is the northernmost aggregation site currently documented in eastern Australia (25°54.630'S 153°11.800'E) (Bansemer and Bennett 2009) . While there was no direct evidence of pregnancy or pupping at the Navy Pier during the study, fresh mating scars were observed on some sharks in July, August, and September; and although not as intense as mating scarring reported from aggregation sites in Queensland (C. Bansemer pers. comm.), the comparatively moderate scarring may be indicative of mating by a single male as opposed to the multiple males often recorded at other aggregation sites. It is also noteworthy that the evidence of mating activity in the present study is earlier than has been documented in other populations e.g. along the east coast of Africa where mating occurs in October and November (Dicken et al. 2007) , and Wolf Rock in Queensland where fresh mating scars were observed in November and December (Bansemer and Bennett 2009) . It is possible that the scarring observed may reflect pre-mating behavior with the sharks leaving the site to mate/gestate elsewhere. It is also likely that some of the sharks at the Navy Pier are subadults (Table 1) , which may explain the lack of scarring on some of the females. This is in contrast to the East Coast population where the most northern documented site is almost exclusively occupied by mature sharks (Bansemer and Bennett 2009 ) and subadults remain at sites further south, and often at shallower depths than the mating aggregation sites (C. Bansemer pers. comm.). The water depth at the Navy Pier varies between 10 and 15 m depending on location and tides, whereas water depths at Wolf Rock are up to 35 m (Bansemer and Bennett 2009) . At Wolf Rock pregnant females have been observed gestating at the site up until the following August or September, and are presumed to move at least 500 km south to give birth (Bansemer and Bennett 2009) . At the Navy Pier all sharks disappear in November with rising sea temperatures and none are visibly pregnant; however, two females returned 2 years after they were first identified and two females with scarring did not return to the site the following year possibly indicating a biennial reproductive cycle.
It is unclear from this study whether the male M3 was fully mature, as despite his age (at least 7 years confirmed) and size, he appeared to have poorly developed claspers (Fig. 2) . M3 was first identified in September 2009 and estimated to be between 1.7 and 2 m TL (i.e. not juvenile), and was accurately measured at the Pier in July 2014 at 2.6 ± 0.05 m. Accepted length/maturity classifications (Goldman et al. 2006; Bass et al. 1975; Lucifora et al. 2002) suggest he should be a mature adult. Although accurate length measurements are not available for the other two males M2 and M4 (also noted with short claspers), they were both estimated to be over 2 m TL. Possible explanations for the atypical presentation of claspers observed in this study include: maturation of males at greater ages and sizes than has been reported for other populations; abnormal clasper development; or anatomical/physiological differences between this genetically distinct subpopulation.
Residence data of C. taurus at this site indicated the presence of a single, predominant male at each year (Fig. 4) . It is noteworthy that the emergence of M3 appeared to coincide with the departure of M1 after three consecutive years as the lone male at the site. Further, the only other two males observed appeared only over 4 days (M2 in 2007) , 12 days (M4 in 2010) and 2 days (M4 in 2011) in any one year, corresponding with much higher residence periods of the predominant male. Although there is little information available on the dynamics of small wild aggregations of C. taurus, some reports support the notion of dominance among males, which could explain the female-biased sex ratios observed in the present study. Pre-copulatory aggression has been observed between males in male-biased C. taurus aggregations (Lucifora et al. 2002) and dominance by a single male was consistently observed in a long-term study of a nurse shark (Ginglymostoma cirratum) aggregation by Pratt and Carrier (2005) in Florida. Dominance hierarchies have been observed among male C. taurus in captivity (Henningsen et al. 2009 ) with Gordon (1993) noting that intraspecific male aggression included both immature and mature sharks in a small captive population (n = 8) where a dominant male engaged in mate-guarding behaviour by attempting to physically exclude rivals from female sharks. While there is an obvious benefit in males monopolising a receptive female, it is somewhat inconsistent with the premise of polyandry, which sees competition between males continue in the female reproductive tract where sperm compete to achieve fertilisation (Birkhead and Pizzari 2002) . Polyandry, by necessity, requires the presence of multiple males; however, it is unclear how polyandrous species like C. taurus behave in small wild aggregations where a single male could be monopolising the immediate site through competitive exclusion. A wide range of sex ratios have been reported among subpopulations for C. taurus (Otway et al. 2003; Bansemer and Bennett 2009; Dicken 2006) including many reports of femalebiased aggregations (Bass et al. 1975; Clark and von Schmidt 1965; Gilmore et al. 1983) . While this is mainly a consequence of the sex/maturity of the sharks and associated migration patterns (Bansemer and Bennett 2011; Parker and Bucher 2000) , the variations between subpopulations remains unclear. Given that sex ratios are likely to vary under different spatial and temporal conditions, further research is recommended into the nature and prevalence of dominance/competition between males in smaller, female-biased aggregations, like the one observed in the present study, which may be During the study, sharks only appeared when the sea temperature fell below an entry threshold of about 24°C, which is consistent with tagging data from 15 grey nurse sharks on the east coast of Australia, where both males and females were observed to spend 95 % of their time in sea temperatures between 17 and 24°C (Otway and Ellis 2011 ). An increase in sea temperatures could affect the realised niche of C. taurus at the Navy Pier, which in turn may impact their mating/migration patterns. In 2011 a "marine heat wave" was recorded off the WA coast (Pearce and Feng 2013) with mean daily sea temperatures at the Navy Pier in January, February and March 2011 recorded at 30.3, 29.8 and 29.3°C respectively. Mean daily temperatures only exceeded 29°C in one other month February 2009 (29.2°C) over the entire study period (i.e. 17 consecutive seasons). It is noteworthy that the lowest number of individual sharks was recorded in 2011 and it was also the only year where a female-bias was not observed (sex ratio = 1:1). The high correlation between seasonal occurrence of C. taurus and lower water temperatures at the Navy Pier, combined with this site being the northernmost documented in Australia, make this small aggregation worthy of ongoing monitoring with respect to changing ocean temperatures and any changes to the range and migration patterns of this species. Otway et al. (2003) defined 'aggregation sites' for C. taurus as: locations where five or more grey nurse sharks were consistently found throughout the year. This definition was developed in the context of the eastern population of C. taurus in Australia where researchers have developed a significant database of the associated population parameters over recent decades. We suggest that this definition requires broadening to include seasonal aggregation sites associated with other C. taurus populations around the world, including locations in Western Australia. Given the movement and migration patterns of C. taurus at various life cycle stages, such aggregation sites may be of great importance, particularly when located near range limits, like the Point Murat Navy Pier, and likely to play a role as future barometers of potential range shifts for C. taurus should ocean temperatures change. Further, to exclude seasonal aggregation sites simply from a definitional perspective could have serious ramifications when constructing and applying relevant policies, thereby limiting protection of this species. In particular, sites where reproductive philopatry occurs are of particular importance for threatened shark species (Speed et al. 2010; Tillett et al. 2012) . Therefore, we propose a re-definition of C. taurus aggregation sites that will encompass locations like the Point Murat Navy Pier in Western Australia.
Aggregation sites for Carcharias taurus are defined as: "locations where five or more Carcharias taurus gather on a recurrent basis each year" Ongoing monitoring of local ocean temperatures and C. taurus population characteristics at the Navy Pier is recommended, as the site may be an effective barometer of range shifts for this species. Despite being listed as Vulnerable under the EPBC Act 1999 in WA, there is extremely limited information on C. taurus in this State, and its totally protected status within Australian waters since 1997 means there is no contemporary population reference data owing to the absence of bycatch data from demersal fisheries, which had previously been used to estimate population parameters (McAuley and Simpfendorfer 1994) . The monitoring of the C. taurus aggregation at the Point Murat Navy Pier using underwater video surveillance has proven to be an effective and non-invasive tool, not only for identifying and protecting an important aggregation site, but also as a means of gathering population data for this protected species in Western Australia.
While there are no other confirmed aggregation sites documented in the scientific literature for C. taurus in WA at this time, recent observations by the authors indicate at least two likely aggregation sites in 20-30 m water depth near Rottnest Island, and a further site at 40 m depth offshore from Ledge Point, WA. These, and other sites, require further study to determine their status as aggregation sites for C. taurus, as this information will underpin the approach to managing this vulnerable species.
Conclusions
While the study revealed a comparatively small gathering of C. taurus, the systematic nature of visitations by individual sharks over a number of years qualifies the location as a noteworthy aggregation site, the first ever confirmed in Western Australia, and the northernmost documented for C. taurus in Australia to date.
